Abstract-The purpose of this paper is on the behavioral modelling of surge voltage pulses used in Atom Probe Tomography. After brief description of the atom probe functioning principle, we examine the excitation electrical pulse signal integrity along the electric pulser (E-pulser) feeding line modelling with respect to the IEC1733/04 standard. This feeding electric line is ended by cylindrical via ground to control the ion emission. By using the transmission line (TL) ultra-broadband RLCG model, the propagating pulsed signals degradation is predicted. The signal propagation was analysed in both frequency and time domains by taking into account the substrate dispersion. The wideband frequency behaviours of the surge signal along the feeding line were examined from DC-to-2 GHz. In addition, by considering pulse surge signals with pulse-width and rise-/fall-time parameters (T 1 = 9 ns, t r1 = t f 1 = 1.6 ns) and (T 2 = 30 ns, t r2 = 4 ns/t f 2 = 18 ns), the transient responses from 5 cm-to-20 cm length TL are characterized. It was shown that the excitation pulse was significantly distorted. It was emphasized that the operated signal delay varies from 0.3 ns-to-1.5 ns in function of the via capacitor value. The time-dependent radiated E-field on the performance of the atom probe system which enables to characterize the nature of tested materials (ions or atoms) is discussed. The presented analysis approach is particularly useful for E-pulser integrated in measurement scientific instruments as Atom Probe Tomography time of flight optimisation, a nano-analysing technique that uses ultra-sharp high vacuum pulse to induce controlled erosion of samples. In this application, the excitation voltage pulse integrity during the propagation is required in order to improve the measurement instrument performances.
INTRODUCTION
With the tremendous applications and growth of the need for high speed operating data in modern electronic structures, electrical interconnect effect becomes drastically significant [1, 2] . This degradation effect increases with the signal propagation speed through the design interconnect distribution. One of the most usual cases can be found during the complex printed circuit boards (PCBs) design cycle. Due to the interconnect lines unmatching, several electromagnetic (EM) and electrical phenomena need to be predicted during the characterization of high speed signals as electrical fast transient (EFT) and surge voltages/currents behaviors. Owing to such an effect, various numerical and analytical modelling methods of interconnect lines for high speed signal sharing were developed [3] [4] [5] [6] . Those easy and fast computational methods are subsequently integrated by electronic design engineers in their circuit models in order to predict the signal integrity (SI) especially when the operating frequency is higher [2] [3] [4] [5] [6] . So far, most conducted investigations were intended to predict the behavior of standard RF/digital signals. However, the SI analysis is still an open challenge when the operating signal presents arbitrary shapes with high intensity. For this reason, the SI investigation addressed in this paper is focused on pulsed arbitrary shape signals with some ns time-width. The particular example to be treated in this study relies on the analysis of typically EFT signals presenting kV range amplitude for the complex structures as Atom Probe scientific instruments [7] .
Atom Probe Tomography Description
The Atom Probe Tomography understudy was invented in the GPM laboratory of the University of Rouen [8] [9] [10] [11] [12] . This scientific instrument is used for the microscopic materials characterization. The electrical circuit diagram enabling the EM characterization of the Atom Probe Tomography system understudy is sketched in Figure 1 . This technique is regularly used by physicists for the atom scale material samples mass spectroscopy. This atom probe instrument is essentially composed of electric pulser (E-pulser) circuit exhibiting surge voltage U (t). As functioning principle, the excitation pulses are applied to a counter electrode in front of the sample, a sharp needle [8] . The surge electric pulses induce the time control ionisation of surface atoms. The produced ions are projected on a position sensitive detector placed at a distance L from the sample. The time of flight of ions, i.e., the duration of the flight of ions between the pulse start time and the impact stop time is used to establish time-of-flight mass spectrometry. More details on the overall functioning and especially all physical aspects about the atom probe microscopy technique can be found in the literature [13, 14] . Different applications were developed more recently notably for the microscopic material characterization [15] and for investigating atomic force microscope tips and interfacial phenomena [16] .
It should be noted that the atom probe system operates in Ultra High Vacuum (UHV), and the sample undergoes a DC voltage and is exposed under cryogenic temperature. The accuracy of the time of flight measurement is related to the measurement of the stop time (lower than 50 ps on the detector), and the spread of time and energy is induced by the applied electric pulse. The amplitude of voltage pulses required to generate the ionisation of surface atoms is expressed in the kV range with width in the nanosecond range. In addition, a pulse repetition rate of several kHz is required. We employ in our application conventional pulses generated with high power MOSFET transistor [17] . This kind of device can produce multi-kilovolts square waveform voltage pulses with a few nanosecond rise time. This pulse is reshaped in order to reach a few nanoseconds width with a passive RC discharge circuit. To improve the accuracy of the measurement system, a new generation of pulse generator producing subnanosecond E-pulses with rise and trailing edges lower than 100 ps is currently under development based on the concept introduced in [18, 19] . In electrical point of view, the E-pulser circuit can be practically assumed as a transmission line (TL) terminated by via hole as depicted in Figure 2 . A surge signal with very low rise-/fall-time and width is necessary for the improvement of the atom probe performances. Of course, it is fundamentally crucial to the experimenter physicists using the tomographic atom probe to analyse and to preserve the integrity of the excitation voltage signal at the extremity of the line. Figure 1 . Termination of the atomic probe instrument invented in GPM laboratory [7] . 
Outline of the Paper
Remember that the last part of feeding line of the atom probe must be compatible with UHV atmosphere and must support the high power generated by the system. In other words, a special care must be taken to develop a propagation line delivering non-perturbed signal to the sample. Therefore, the present study is mainly focused on the electrical modelling of this probing system circuit termination by using the interconnect line RLCG model. First, much attention was paid to the creation of the pulse signal according to the technique depicted in Figure 2 . It is worth noting that the response of surge transient pulse signal through the microstrip line designed with respect to the IEC 1733/04 standard [20] termination by considering a capacitive via will be investigated.
For the better understanding, this paper is organized in three main sections. Section 2 is dedicated to the analytical approach based on the electrical circuit broadband model of the interconnect line implemented to control the atom probe time of flight. Section 3 is focused on the analysis of the application results. Finally, Section 4 draws the conclusion.
BEHAVIORAL MODEL OF THE E-PULSER SYSTEM
The electrical equivalent circuit of the atom probe excitation system understudy is mainly composed of TL driven by a voltage source herein denoted v in with internal impedance Z s ended by output load impedance Z L as proposed in [2, 3] . The input and output currents delivered by the source and propagating across the load are denoted as i in and i out , respectively. To determine those electrical parameters, we will first consider the dispersive properties of the substrate used in the E-pulser feeding microstrip line as illustrated in Figure 3 . Then, we determine the TL characteristic elements (propagation constant γ(jω) and characteristic impedance Z c (jω)) in broadband frequency according to the bandwidth of the surge signal under considerations. The extracted parameters are integrated in the system transfer function in order to generate the E-pulser output voltage V out (jω) and the operating currents I in (jω) and I out (jω) via analytical behavioral modelling. In the last step, the corresponding transient signals are extracted via IFFT.
Frequency-Dependent Model of the E-Pulser Substrate
In addition to the application of the behavioral model, in the present study, we will challenge the difficulty encountered regularly by SI engineers on the integration of material and TL structures frequency dependent parameters. To do this, the frequency dependent permittivity of the substrate material which is governed by relaxation behavior is approximated by the Debye frequency dispersion model expressed as:
with j is the complex number. During the numerical computation, the Debye parameters are set as ε s = 4 is the static permittivity, ε ∞ = 3 is the high-frequency limit permittivity, τ = 1 ns is the relaxation time; and σ = 1.25 × 10 −6 µS · m −1 is the ohmic equivalent conductivity. Actually, there may be several Debye terms describing frequency dependence of the dielectric as FR4.
Analytical Model of the E-Pulser
There are different configurations of microstrip lines used regularly for microwave interconnections [20] [21] [22] . The structures understudy are assumed either microstrip (standard IEC1733/04) or strip lines (standard IEC1734/04) [20] physically characterized by metallization width w and thickness t printed on the substrate having height h and dielectric constant ε r . For the case of strip line structures, the substrate thickness is designated by the parameter b. According to the operating frequency ranges under consideration, we will use the simplified expressions of TL characteristic impedances. Based on the feeding line implementation technology, the characteristic impedance main formulas in function of the effective relative permittivity ε eff (ω) are respectively defined as:
for classical microstrip lines,
for embedded ones in the medium with effective relative permittivity ε eff and finally:
for the strip lines. Moreover, according to the TL theory, the broadband (including low-and highfrequency bands) per-unit length parameters (R u , L u , C u , G u ) can be extracted with the following formulas:
for microstrip lines 35.433ε eff (ω) ln(1 + 2h/w) for strip lines ,
The corresponding propagation constant is computed via the basic definition:
Analytical Behavioral Model of the E-Pulser
It can be demonstrated from the TL theory that the Fourier transform of output voltage and current through the loaded line are respectively expressed as:
with the input and output reflection coefficients are given by:
In the remainder part of the paper, expressions (10) and (11) will be implemented into Matlab program for computing numerically the spectrum of the E-pulser frequency responses. Afterwards, v out (t) and i out (t) will be plotted via the IFFT operation.
E-PULSER SIGNAL RESPONSES ANALYSES
As aforementioned, the behavioral broadband model will be handled to generate the E-pulser feeding line circuit responses by taking into account the material substrate dispersion effect as formulated earlier in (1). After calculation of the broadband RLCG-model, we extracted then the Z-matrices and S-parameters and also the transfer function generating the results presented in the following subsection. We will use on a microstrip line driven by a pulser voltage source is defined with reference impedance Z s = 50 Ω and ended by via capacitor with parameter switched between C L = 1 pF and 10 pF. This access line was printed on FR4-substrate with physical width w = 1 mm and thickness h = 1.6 mm etched on Cu-metallization having 35 µm thickness. One points out that the present tomographic atom probe feeding line modelling is added with the parametric SI analysis versus line physical length d which is varied from 5 cm to 20 cm.
Frequency Results Analysis
The frequency spectrums of the arbitrary signals v 1 and v 2 under consideration are respectively plotted in Figure 4 (a) and Figure 4 (b). Independent from amplitude, this preliminary step enables to explore the relation between the rise-/fall-times of the pulses with the propagating frequency components of the signals through the access line. From there, we can analyse, in the frequency domain, the convolution between the TL transfer function of the E-pulser system for atom probe tomography [12] . This frequency plot suggests how the broadband model bandwidth should be implemented to get an accurate response.
We emphasize that according to standard EN 60512-25-7 [20] , we have to avoid the resonance effect due to the TL critical length in the frequency band of interest. Similar to the microstrip line network modelling approach introduced in [6] , we determined the broadband RLCG model, then we extracted the frequency dependent Z-matrix and the transfer function. From the input impedance of the whole circuit, we obtain the reflection parameters presented in Figure 5 . As forecasted in theory, it can be seen that the TL is not well matched especially at very low frequencies and when the access line length is shorter. The capacitor value slightly influences the resonance peaks of the access lines; however, the reflection level does not change significantly from DC to 2 GHz.
Transient Results Analysis
In order to investigate the integrity of the surge pulse voltages v 1 and v 2 whose frequency spectrums are addressed in Figure 4 , transient analyses were carried out. By exciting the atom probe structure with the first sample pulse having 5 V amplitude, we generate the transient responses displayed in Figure 6 (a) for C L = 1 pF and Figure 6 (b) for C L = 10 pF. It is worth noting that the signal propagation delay increases from about 0.3 ns to 1.5 ns when changing the feeding length d from 5 cm to 20 cm. More importantly, with low values of C L , the pulse voltage v out intensity is slightly increased. Then, due to the resonance effect, attenuated ripples are observed after the tailing edge of the outputs v out .
The transient responses of the second sample of excitation pulse assumed as high intensity pulse having 1.5 kV amplitude are highlighted in Figure 7 . This transient result illustrates that the leading edge of the pulse generates signal propagation delay from about 0.7 ns to 3.5 ns when increasing d from 15 cm to 55 cm. The trailing edge which presents a fall-time of about 18 ns undergoes the same delay. In order to improve the fidelity of those pulse signals, different types of well-matched optimized RLC load can be implanted. It is interesting to point out that the output voltage amplitudes is slightly amplified compared to the inputs due to the multiple reflections at the terminal of the lines.
Propagating Transient Currents along the E-Pulser
As aforementioned earlier, the mathematical handling of expression (11) enables to plot the transient current propagating along the atom probe E-pulser feeding line structure. After numerical computation, we obtain the results displayed in Figure 8 and Figure 9 with the feeding line input and output currents Time, ns 0 respectively for the loads C L = 1 pF and C L = 10 pF. As expected in circuit theory, the output transient current behavior behaves as the time derivative of the corresponding voltage. Moreover, the output current propagation delay is increased with the feeding line length.
It is clear that the output currents i out are slightly attenuated compared to i in . Furthermore, it is noteworthy that the attenuation is rather proportional to the feeding line length. This finding illustrates the E-pulser feeding line loss effect on the atom probe time of flight. In addition, input and output transient currents exhibited by the structure are displayed in Figure 10 and Figure 11 when exciting the structure with v 2 . In this case, we can underline that the signal-to-noise ratio is increased for the case of the output current plotted in bottom of Figure 10 .
Similar to the previous case, as highlighted by Figure 11 , the signal delay and attenuation are stronger when the load capacity is increased. Substantially, we can see that the signals are slightly distorted. In inference of this parametric study, contrary to the output voltages, the output currents are attenuated. We underline that the computation time of the present modelling method implemented into Matlab run with PC equipped by windows 7 having Intel R Core TM i5-2467M CPU @ 1.6 GHz 4 Go RAM was of about some microseconds.
Discussion on the Atom Probe Performance
According to the physical analysis introduced in [12, 13] , the ratio between the mass m and quantity n of atom particles operated with the system introduced in Figure 1 is equated by:
where e is the electron charge, τ the propagation time, E the amplitude of the electric field evaporating the tested material samples, and F a physical factor. This relation explains that the inaccuracy on the electric field amplitude and also the pulse propagation time affects significantly the precision of the mass spectrum. With the feeding line parameters chosen in this section, the average values of transient electrical field radiated along the axis of the cylindrical via was about E 1 = 2 kV/m and E 2 = 1.2 MV/m respectively for v 1 (d = 20 cm, C L = 10 pF) and v 2 (d = 55 cm, C L = 10 pF). The system accuracy can be minimized in function of the feeding line parameters. This study is helpful for the GPM laboratory physicists to evaluate and optimize the E-pulser according to the sample of material to be tested.
CONCLUSION
A computational modelling of the fast pulsed signal propagation on microstrip lines under IEC1733/04 standard [20] ended by capacitive via was investigated. Analytical approaches based on the TL theory associated to the broadband per unit length parameters extraction were considered in order to generate the output responses for various shapes of excitation signals.
We proposed a preliminary study on the Atom Probe Tomography time of flight improvement dedicated to the mass spectroscopy. Parametric analyses by varying the TL dimensions with length swept from 5 cm-to-20 cm for the short test signal and 15 cm-to-55 cm for the long test signal were forwarded. Input signals having ns rise-/fall-times and tens nanoseconds width from practical tests were injected in the structure. It was pointed out that the transient output voltages were delayed of about some nanoseconds with non-neglected ringing effects. More importantly, the first analyses on the transient E-pulse atom probe along via holes showed that considerable signal time-width was also occurred. This time parameter is susceptible to influence the quality of mass spectroscopy. Compared to the existing methods, the presented model is beneficial in term of simplicity, flexibility to the shape of the E-pulser feeding line and also the computation speed.
The present analysis is interesting for implementing UHV atom probe tomography for the mass spectroscopy application in function of the transmission line parameters. This enables to reduce the mass inaccuracy and also the energy losses with the increase of pulse width.
In the future, the surge signal modelling developed in this work can be extended for the conducted EMC and electrostatic discharge investigations on high density PCBs interconnect distribution networks under arbitrary shape signal perturbations.
